Coaction and competition between the ferroelectric field effect and the strain effect in Pr0.5Ca0.5MnO3 film/0.67Pb(Mg1/3Nb2/3)O3-0.33PbTiO3 crystal heterostructures
The coaction and competition between the ferroelectric field effect and the strain effect in Pr 0.5 Ca 0.5 MnO 3 (PCMO) film/0.67Pb(Mg 1/3 Nb 2/3 )O 3 -0.33PbTiO 3 crystal heterostructures were studied. Based on different types of resistance-electric field hysteresis loops at various temperatures, it is clearly identified that the strain effect dominates over the ferroelectric field effect for temperature T above the charge-ordering temperature T CO of PCMO. With the strong localization of charge carriers for T < T CO , the ferroelectric field effect strongly competes with the strain effect and finally dominates over the latter for T < 0.8T CO . Moreover, the poling-induced strain effect is considerably enhanced by a magnetic field, demonstrating the important role of the phase separation in understanding the strain effect in such heterostructures. The electric-field control of electronic and magnetic properties of complex oxide thin films epitaxially grown on ferroelectric (FE) single-crystal substrates has attracted much attention due to their rich physics and potential applications in multifunctional devices. [1] [2] [3] [4] [5] [6] [7] [8] [9] There are a number of reports on this topic for perovskite manganite film/FE crystal heterostructures, such as La 0.67 Sr 0.33 MnO 3 film/BaTiO 3 crystal 3 and La 1Àx A x MnO 3 (A ¼ Ca,Sr,Ba) film/(1Àx)Pb(Mg 1/3 Nb 2/3 )O 3 -xPbTiO 3 crystal [4] [5] [6] [7] [8] [9] heterostructures. It is generally believed that the electric-field-controlled tunability of electronic and magnetic properties of manganite thin films is strain-induced for such heterostructures. [3] [4] [5] [6] [7] [8] [9] However, one has to be reminded that the FE single-crystal substrate is a ferroelectric material, the manganite film/FE crystal heterostructure can be viewed as a ferroelectric field effect transistor where the manganite film and the FE substrate are the conductive channel and the insulating gate, respectively. If a gate voltage is applied to the FE substrate, the charge carrier density of the manganite thin film would be modified due to the accumulation or depletion of charge carriers at interface, arising from the ferroelectric field effect. 10, 11 Due to the strong interplay among spin, charge, lattice, and orbital degrees of freedom, 12,13 the properties of manganite films are particularly sensitive to the charge carrier concentration. Unfortunately, there have been few reports about the ferroelectric field effect on the electronic transport properties in such heterostructures so far. Pr 0.5 Ca 0.5 MnO 3 (PCMO) is an interesting spin, charge, and orbital-ordered manganite with the coexistence of ferromagnetic and charge-ordered antiferromagnetic phases at low temperatures under external perturbations such as magnetic field, 14 electric field, 15 or electromagnetic radiation. 16 While 0.67Pb(Mg 1/3 Nb 2/3 )O 3 -0.33PbTiO 3 (PMN-PT) single crystal is a ferroelectric material with coexistence of monoclinic, rhombohedral, and tetragonal phases at room temperature, and thus displays extraordinary ferroelectric and piezoelectric activities 17 and can be used as ferroelectric substrate to grow perovskite manganite thin films. [4] [5] [6] [7] [8] [9] 18 In this letter, we fabricate PCMO film/PMN-PT crystal heterostructures and demonstrate that the ferroelectric field effect has a dramatic impact on the electronic transport properties of the PCMO film. Although the electric-field-induced strain in the PMN-PT substrate can be transferred to the epitaxial PCMO film continuously and reversibly, our results give strong evidence that the coaction and competition between the ferroelectric field effect and the strain effect exist in PCMO film/PMN-PT crystal heterostructures. The interaction between the strain effect and ferroelectric field effect leads to a remarkable temperature dependent electricfield-manipulation of the electronic transport behavior.
PCMO films were deposited on one-side-polished and (001)-oriented PMN-PT single-crystal substrates using dc magnetron sputtering. 19 The thickness of films was measured to be $32 nm using a JSM-6700 F scanning electron microscope. The surface morphology of films was obtained using an atomic force microscope (Nanocute SII, Seiko, Japan). The phase purity and epitaxial relationship of the heterostructure were investigated by x-ray diffraction (XRD) h-2h scan and /-scan, respectively, using a Bruker D8 Discover x-ray diffractometer. Magnetotransport properties of PCMO films between the two top-top gold electrodes (see the lower inset of Fig. 2) were measured using a physical property measurement system (PPMS-9, Quantum Design). The two top-top gold electrodes were prepared by magnetron sputtering in order to form ohmic contact between the gold electrodes and the PCMO film. The contact resistance (less than several ohms) is much smaller than that of the PCMO film ($13 kX at room temperature), and thus, is neglected here. External electric field was applied to the PMN-PT substrate through the top and bottom gold electrodes. A laser interferometer (SIOS NT-04 Sensor) was employed to analyze the strain versus electric field hysteresis loop of the PMN-PT substrate at T ¼ 296 K. Fig. 1(a) shows the XRD h-2h scan for the PCMO/ PMN-PT heterostructure, demonstrating that the PCMO film is highly c-axis preferentially oriented and without any impurity phases. Despite a relatively large lattice mismatch between the PMN-PT (4.02 Å ) and the PCMO, the film still grows epitaxially on the PMN-PT crystal, as illustrated from the U-scan patterns of PCMO (101) To probe the strain effect and the ferroelectric field effect in the PCMO/PMN-PT structure, the relative change in the resistance DR=R [DR=R ¼ ½RðEÞ À Rð0Þ=Rð0Þ] of the PCMO film between the two top-top gold electrodes was measured as a function of the electric field E applied to the PMN-PT substrate at T ¼ 296 K employing the electrical measurement circuit shown in the lower inset of Fig. 2 . Initially, the PMN-PT substrate was in the unpoled state (denoted by P 0 r ). During the poling of the PMN-PT substrate, the resistance of the PCMO film was measured simultaneously. Note that the direction of the polarization points toward the PCMO film (denoted by P þ r ), as schematically shown in the lower inset of Fig. 2 . The resistance is nearly field-independent for E 2 kV/cm but decreases considerably in the field region of 2 kV/cm < E < 3 kV/cm. For E > 4 kV/cm, the resistance decreases linearly with increasing E, which is a typical behavior of the resistance due to the converse piezoelectric effect of the PMN-PT substrate. 19, 20 The large decrease in the resistance near the coercive field E C of the PMN-PT substrate is similar to that observed in the LaMnO 3þd /PMN-PT structure 21 where the strain state of the LaMnO 3þd film was modified by the poling-induced strain in the PMN-PT substrate. In situ XRD h-2h scan performed near the PMN-PT(002) and PCMO(002) diffraction peaks shows that the lattice constants c of the PMN-PT substrate and the PCMO film for E ¼ 10 kV/cm are indeed larger than those for E ¼ 0 kV/cm, reflected by the shift of the diffraction peaks towards lower 2h angles (see the upper inset of Fig. 2) . Furthermore, the PMN-PT(020)/(200) diffraction peaks on the right hand side of PMN-PT(002) diffraction peak disappear when E ¼ 10 kV/cm was applied to the PMN-PT substrate, which indicates that the in-plane a-or b-axis oriented ferroelectric domains rotate towards the electric-field direction (i.e., c-axis). It should be highlighted that the electric field not only induces strain via the rotation of polarization direction but also induces electric charges at interface between the PCMO film and the PMN-PT crystal (i.e., the ferroelectric field effect). If the ferroelectric field effect is taken into account, the depletion of holes will happen in the PCMO film 10, 11 within screen length when applying positive electric field to the PMN-PT substrate, thereby leading to an increase in the resistance. Nevertheless, the actual sign of the change in the resistance is opposite to that expected from the ferroelectric field effect (see Fig. 2 ). Since the applied electric field will be screened within several unit cells in the film and could not affect bulk transport properties of the film, 22 it is thus believed that the electric-field induced decrease in the resistance at T ¼ 296 K is mainly strain-induced. As a general tendency, the in-plane tensile strain tends to stabilize the 2012) charge-ordered insulating phase for manganite thin films. 23, 24 The electric-field-induced large drop in the resistance near E C could be due to the partial release of tensile strain resulted from poling-induced strain in the PMN-PT substrate.
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Figure 3 presents how the resistance (R) of the PCMO film evolves as a function of temperature (T) in zero magnetic field (H ¼ 0 T) and a magnetic field of H ¼ 9 T when the PMN-PT substrate was in the unpoled and positively poled state, respectively. Note that after the PMN-PT substrate had been poled to the P þ r state, the poling field was turned off. Since the ferroelectric Curie temperature of the PMN-PT substrate is 430 K, much higher than 330 K (i.e., the highest temperature in the R-T curve), the polarization direction would remain toward the field direction in the whole temperature range, that is, at low temperatures the effect of poling-induced remnant strain on the resistance is the same as that at room temperature, which is reflected by the fact that the resistance at any fixed temperature for P þ r is smaller than that for P 0 r (see Fig. 3 ). It is known that the R-T curve for charged-ordered manganites can be used to determine the charge-ordering transition temperature T CO where the resistance shows an abrupt upturn when the temperature is lowered through T CO .
14 While for charge-ordered manganite films, this signature is usually weaker and less sharply defined, but T CO can still be extracted by plotting
)-T curve shows a remarkable change in slope at T $ 225 K [inset (a) of Fig. 3] , implying that the charge ordering phase transition occurs near that temperature. In addition, we present the polingstrain-induced DR=R as a function of temperature under H ¼ 0 and 9 T in the inset (b) of Fig. 3 . Here DR=R is defined as DR=R ¼ ½RðP One can see that the magnetic field of 9 T enhances the strain effect and thus brings stronger strain-tunability of the resistance of the PCMO film. At T ¼ 140 K, the poling-strain-induced DR=R is enhanced by $73% [inset (b) of Fig. 3 ] by a magnetic field of 9 T, indicating a strong coupling between the strain effect and the magnetic field. Zheng et al. 7, 9 recently reported a strong correlation between the strain and the phase separation for manganite thin films, i.e., the stronger the phase separation, the larger the strain-induced change in the resistance. The magnetic-field-induced large decrease in the resistance (see Fig. 3 ) indicates that a high magnetic field of 9 T converts a considerable fraction of the charge-ordered antiferromagnetic insulating phase to the ferromagnetic metallic phase, 14, 26, 27 namely, the phase separation tendency is enhanced by the magnetic field. As a result, the straintunability of the resistance is enhanced due to the enhanced phase separation in the PCMO film.
To further probe into the strain and ferroelectric field effects, the resistance of the PCMO film was measured as a function of bipolar electric field at various fixed temperatures (see Fig. 4 ). It is noted that, if the ferroelectric field effect plays a dominant role in influencing the electronic transport properties of the PCMO film, the resistance versus electric field (R-E) hysteresis loop should show a rectangular shape with the resistance change exhibiting opposite signs for opposite directions of applied electric field, as previously observed in La 1Àx Ba Fig. 4(b) shows that the R-E hysteresis loop has a roughly symmetrical butterflylike The inset of (a) presents the change in the resistance of the PCMO film when positive electric field applied to positively poled PMN-PT substrate at 300 and 330 K, respectively. shape at 296 K, which is the typical behavior of the resistance modification due to the polarization-rotation-induced strain in the PMN-PT substrate. 5, 21, 29 Note that the out-ofplane strain versus E hysteresis loop for the PMN-PT substrate also show butterflylike shape at T ¼ 296 K [see Fig.  1(c) ], which strongly demonstrates that the butterflylike modulation of the resistance is indeed strain-induced. We thus believe that the ferroelectric field effect has a minor effect on the electronic transport properties of the PCMO film at 296 K. It is obvious that the general shape of the R-E hysteresis loop at T ¼ 330 K [Fig. 4(a) ] is also butterflylike, however, around E ¼ 64 kV/cm the curve is not smooth with sharply-changed points, resulting from an electric field-induced rhombohedral-to-tetragonal structural phase transition in the PMN-PT substrate, 30, 31 which was further evidenced by the pronounced drop of the resistance at the structural phase transition point by sweeping the electric field from 0 to 10 kV/cm at T ¼ 330 K [see the inset of Fig.  4(a) ]. Here, the direction of the electric field is the same as the polarization direction. The much weaker response of the resistance to the piezoelectric strain above the transition field (i.e., E > 5 kV/cm) reveals that the high-field phase is the tetragonal one. With decreasing temperature from 296 K, the symmetry of R-E hysteresis loop is reduced with the resistance values for negative electric field lower than those for positive electric field [see Figs. 4(c) and 4(d)], which is ascribed to that the positive polarization of the PMN-PT layer will lead to a depletion of holes in the PCMO film and thus an increase in the resistance while the negative polarization of the PMN-PT layer will cause an accumulation of holes in the PCMO film and thus a decrease in the resistance. The change of the R-E hysteresis loops from a butterflylike shape [Figs. 4(a) and 4(b)] to a rectangular-like shape [Figs. 4(d) and 4(e)] indicates that the relative importance of the ferroelectric field effect increases while that of the strain effect decreases with decreasing temperature. The former finally dominates over the latter as the temperature further decreases to a certain temperature (e.g., T ¼ 180 K). The enhanced ferroelectric field effect at low temperatures (T T CO ), agrees with the feature that the charge carriers gradually localize with decreasing temperature from room temperature. Particularly, below T CO the charge carriers become strongly localized and ordered, 14, 15 leading to a lower concentration of mobile carriers. According to ferroelectric field effect, the lower the areal charge carrier density n, the larger the relative change in the areal charge carrier density Dn=n. In a free electron model, one could obtain the relationship that DR=R ¼ ÀDn=n. 11, 32 Here, Dn can be expressed as Dn ¼ DP=e 11 where Dn, DP, and e are the electrostatic-fieldinduced change in the areal charge carrier density, the remnant polarization of the PMN-PT substrate, and the unit charge (1.6 Â 10 À19 C), respectively. With further decreasing temperature from 180 K, the rectangular-like R-E loop starts shrinking and becomes slim [see Fig. 4(f) ]. We stress that similar behaviors for the polarization-electric field (P-E) loop were observed for the PMN-PT substrate 33 [also see the inset of Fig. 1(c) ], where the coercive field is so large at low temperature that a voltage of 480 V (i.e., 10 kV/cm) is apparently inadequate to align ferroelectric domains towards the field direction, leading to the gradual collapse of the P-E loop. The similarity in the shape and coercive field between the P-E loop and the R-E loop gives another evidence that at low temperatures the resistance change in the PCMO channel is attributed to the ferroelectric field effect at interface. In summary, based on different types of R-E hysteresis loops at various temperatures, we identified that the ferroelectric field effect is minor for T > T CO in the PCMO/PMN-PT structure. However, for T < T CO, due to the charge ordering, the ferroelectric field effect plays a more and more important role and competes with the strain effect and totally dominates over the strain effect at lower temperatures. Furthermore, the magnetic field considerably enhances the strain-tunability of the resistance for the PCMO film, implying that the strain effect are closely related to the phase separation which is crucial to understand the interfacial strain effect in manganite film/ferroelectric crystal heterostructures. The clear identification of the crucial role of the ferroelectric field effect would be important not only for understanding the profound physics in manganite/FE heterostructures, but also for their potential application in functional devices. 
